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Abstract. Estimation and prediction of methane emission from flooded rice paddies is impaired by 
the large spatial and temporal variability in methane emissions and by the dynamic nonlinear 
relations between processes underlying methane emissions. This paper describes a process-based 
model on methane emission prediction from flooded rice paddies that can be used for extrapolation. 
The model is divided into two compartments; rhizosphere, which is a function of root length density, 
and bulk soil. The production of carbon substrates drives methane emission and originates from soil 
organic matter mineralization, organic fertilizer decomposition, in both compartments, and root 
exudation and root decay, in the rhizosphere compartment only. It is assumed that the methanogens 
are completely outcompeted for acetate by nitrate and iron reducers but that competition takes place 
with sulfate reducers. Produced methane is transported to the root surface in the rhizosphere or the 
soil-water interface in the bulk soil. Transport time coefficients are different for the two 
compartments. Part of the methane is oxidized, a constant fraction of produced methane in the bulk 
soil, whereas the oxidation fraction varies according to root activity dynamics in the rhizosphere. 
The remaining methane is emitted to the atmosphere. The model was validated with independent 
field measurements of methane emissions at sites in the Philippines, China, and Indonesia with only 
few generally available site-specific input parameters. The model properly predicts methane 
emission dynamics and total seasonal methane emission for the sites in different seasons and under 
different inorganic and organic fertilizer conditions. A sensitivity analysis on model assumptions 
showed that the assumptions made in this model are reasonable and that the division into two 
compartments was necessary to obtain good results with this model. The combination of proper 
prediction and the necessity of few input parameters allow model application at regional and global 
scales. 
1. Introduction 
Methane is one of the principal greenhouse gases, and rice 
paddy fields are among the most important sources of atmospheric 
methane [Houghton et al., 1996]. Precise estimates of global 
methane emissions from rice paddies are, however, not available 
and depend on the approaches, techniques, and databases used. 
One principal cause for uncertainties in global estimates results 
from the large, intrinsic spatial and temporal variability in methane 
emissions. This variation in methane emissions is only partly 
explained by correlations with environmental variables [Walter et 
al., 1996]. This is attributed to the diurnal and seasonal dynamic 
and nonlinear interactions between processes underlying methane 
emissions. A process-based model, quantifying the functional 
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relationships between methane emissions and the most important 
underlying processes, methane production, oxidation, and trans- 
port, may improve insight in these relations and may thus 
contribute to a reduction of the uncertainties in global methane 
emission estimates from rice paddies. This paper presents a 
process-based model that predicts seasonal methane emissions 
from flooded rice fields that can be applied at large scales using 
Geographic Information System (GIS). Such a model must be 
simple, by lack of mechanistic knowledge, balanced, and process- 
based to cope with encountered variability and to avoid site- 
specific calibrations. In addition, such a model should use only a 
few site characteristics as input parameters to avoid an excessively 
high data demand for the GIS and to allow scenario analyses at a 
larger spatial and temporal scale. 
For this particular objective, other models on methane emissions 
from wetlands, including rice paddies, developed for different 
objectives and with different degrees of mechanistic detail, seem 
less suitable. Some models use methane emission data to para- 
meterize empirical relations for some of the underlying processes 
[Hosono and Nouchi, 1997; Huang et al., 1998], which may be 
problematic for extrapolation to larger scales owing to the non- 
linear interactions and the number of fitted parameters. Some more 
process-based models [Arah and Stephen, 1998; Walter et al., 
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1996] describe all processes as mechanistically as possible, 
although mechanistic knowledge on the spatial characteristics of 
driving variables, especially for methane production and gas 
transport, is scarce. Some parameters therefore have to be cali- 
brated for each site specifically, particularly on methane produc- 
tion potential and plant transport characteristics. This necessary 
calibration limits the extrapolation possibilities of the models. 
Other process-based models emphasize methane production, 
whereas the descriptions of methane oxidation and methane 
transport are highly simplified [Cao et at., 1995; James, 1993]. 
The processes leading to methane emissions are highly different 
for the rhizosphere and the remaining part of the soil, the bulk soil 
(see section 2.1). In our model, the soil is therefore divided into 
two compartments, a rhizosphere and a bulk soil, without con- 
sidering soil layers. This distinction allows an efficient and well- 
balanced approach for constructing a simple process-based model 
because use can be made of the process differences between each 
compartment. With these two compartments, the variability can be 
decreased more efficiently than with a soil layer model because 
differences between soil layers are smaller than differences be- 
tween rhizosphere and bulk soil. The model was validated against 
independent experimental data collected by an automatic measure- 
ment system based on the closed chamber technique [Wassmann et 
at., 1994] in flooded rice fields at two sites in the Philippines, one 
site in China, and one site in Indonesia, while using only generally 
available site-specific parameters. A sensitivity analysis of the 
model was carried out to evaluate the assumptions made in the 
model. This sensitivity analysis was also helpful in obtaining 
insight in important gaps of knowledge. 
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Figure 2. Time course of the relative root length density during 
the growth of the rice crop as derived from literature (crosses 
[Beyrout), et at., 1988], filled diamonds [Drenth et at., 1991 ], filled 
triangles [Kang et el., 1995], pluses [Staton et at., 1990], open 
squares [Teo et at., 1995]). Time is taken relative to the time of 
harvest. If there are no data on the length of the season, the length 
of the growing season is estimated from data on climate and 
cultivar. 
2. Model Description 
2.1. Two Model Compartments: Bulk Soil and Rhizosphere 
Methane emissions from rice fields are strongly influenced by 
the presence of the rice plants. Methane emissions are higher with 
rice plants than without [Hotzapfet-Pschorn et at., 1986], and 
methane emissions are dominated by plant-mediated emissions 
[Schiitz et at., 1989b]. Recognition of the importance of rice plants 
has led to the development of correlative models between methane 
emissions and plant parameters [e.g., Sass et at., 1990; Watanabe 
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Figure 1. Relational diagram of the flow of carbon for each 
compartment in the model. 
et at., 1994], although such correlations could not always be found 
[e.g., Denier van der Gon and Neue, 1996; Watanabe et at., 1995]. 
For a better quantitative understanding of the rice plant influence, 
the various processes by which the plant modifies methane 
emissions must be considered. The model quantifies these different 
processes of plant influence in a separate compartment, the rhizo- 
sphere. All other processes leading to methane emissions occur in 
a bulk soil compartment. The processes occur independently in 
both compartments outlined in Figure 1 and differ in some 
characteristics for the compartments: Organic matter in the rhizo- 
sphere is not only released by soil mineralization and straw and 
stubble decomposition but also by root exudation and root decay. 
Methane is transported by plant-mediated transport in the rhizo- 
sphere, while ebullition and diffusion are the major transport 
routes in the bulk soil. The oxygen used for methane oxidation 
in the rhizosphere comes from root oxygen release (ROL), 
whereas oxygen enters the bulk soil by diffusion through the 
soil-water interface. Before describing these processes in more 
detail, the distribution of the soil between the compartments during 
the season is treated. 
The rice crop influences the processes underlying methane 
emissions via its roots. In general, the uptake and release of 
solutes and gases depend on the root length density (RLD) 
[Armstrong and Beckerr, 1987; Kirk and Sotives, 1997]. RLD is 
empirically related to its maximum root length density (REDmax) 
based on data by Beyrout), et at. [ 1988], Drenth et at. [ 1991 ], Kang 
et aL [1994], Staton et at. [1990], and Teo et at. [1995] and fitted by 
minimizing the mean square error (MSE) to a cumulative logistic 
growth curve up to REDma x and an exponential decrease after 
REDma x (Figure 2) as from that moment on roots start to decay: 
RLDmax 
RLD -- 1 + K½ -rgr(time') RLD ( REDma x 
REDmax -kmor ( .......... trnor) RLD - K½-rgr(time')mor e RLD > REDmax, 1+ - 
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Table 1. General Process Model Parameters Kept Constant at All Conditions 
Parameter Description Value Unit 
K relative rice biomass increase 85.5 
rgr rice relative growth rate 13.3 
kmor relative root mortality rate 1.30 x 10 -7 s -1 
time'mor relative time of mortality start 0.6 
Rm•n initial soil mineralization parameter 1.25 X 10 --4 S -0'415 
Sm• n relative soil mineralization decrease 0.585 
Q10 temperature correction factor 2.85 
Rfert initial straw decomposition parameter 5.77 x 10 -2 S -0'623 
Sfert relative straw decomposition decrease 0.377 
Bex u baseline root exudation rate 0.85 X 10 -6 mol m -3 s -1 
Z/ex u maximum root exudation rate increase 4.41 X 10 -6 mol m -3 s -1 
time'max moment of maximum root exudation 0.552 
cr relative rate of root exudation change 0.14 
Ka, root root decomposition constant 6.5 x 10 -8 s -• 
kreox relative reoxidation rate e-acc dep. s -• 
Trh .... phere rhizosphere t ansport time coefficient 9 x 103 s 
Tbulk bulk soil transport time coefficient 1.08 X 106 S 
Box i baseline methane oxidation 0.10 
Aox, maximum methane oxidation increase 0.63 
in which timer is the relative time (time divided by the total length 
of the plant growing season) and rgr (relative growth rate), K 
[(RLDmax-RLDt = 0)/RLDt: 0], kmor (relative root mortality rate), 
and timemor t (relative time at which roots start to die) are 
dimensionless empirical parameters (Table 1). 
At good crop performance and at normal plant densities, almost 
all methane is emitted via the plant around REDmax [Schiitz et al., 
1989b; Wassmann et al., 1996]. It can thus be assumed that the 
fraction of the soil under influence of the rhizosphere compartment 
(F rhizosphere) is a function of RLDmax: 
RLD 
F_rhizosphere - -- (2) REDmax 
With a change in RLD during the season, the contribution of the 
rhizosphere compartment changes. F rhizosphere is zero in 
absence of plants, i.e., before transplanting. The fraction of the 
bulk soil is one minus F rhizosphere. The model is not subdivided 
into different soil layers, as initial soil conditions are constant 
throughout the soil up to the rooting depth by puddling. 
Heterogeneities with depth formed during the season under 
influence of the rice plant are accounted for by the development 
of the rhizosphere compartment. All compounds are expressed in 
local within-compartment concentrations and are thus not affected 
by such heterogeneities. Methane transport rates may be affected 
by the use of depth-averaged parameter values. This has no large 
implications as the model is not sensitive to the value of transport 
parameters [van Bodegom et al., 2000]. 
2.2. Carbon Substrate Production 
Methane emissions are driven by the production of a carbon 
substrate, mainly acetate, CO2/H2, and formate (in mol C m -3 
s-•), for methane production. Carbon substrates are produced by 
anaerobic soil organic matter mineralization and decomposition of 
added organic material (in both compartments) and by root 
exudation and root decay (in the rhizosphere compartment only). 
These production rates need to be modeled explicitly to allow the 
prediction of methane emissions. It is assumed that carbon sub- 
strates are converted in the same compartment as they are 
produced. This seems reasonable as the turnover time of CO2/H2 
and probably for formate as well is around 1 min [Conrad et al., 
1989a, 1989b]. The turnover time of acetate, and thus the 
possibilities for transport and exchange between compartments, 
is larger. In absence of plants and at the start of the season, when 
methane production and the rhizosphere compartment are very 
small, turnover times of acetate are 10-16 hours [Krumbdick and 
Conrad, 1991;Schiitz et al., 1989a; Sigren et al., 1997], which is 
equivalent to a maximum diffusion distance of •7.5 mm. When 
methane production is important and when exchange may occur, 
i.e., while the rhizosphere compartment is well developed, turn- 
over times of acetate are less than 1.5 hours, with a maximum 
diffusion distance of 2 mm [Sigren et al., 1997]. 
Anaerobic soil organic matter mineralization releases small 
organic compounds by the breakdown of soil organic matter. Soil 
mineralization rates are not constant but decrease during the 
season owing to a decrease in easily accessible organic material. 
This can be taken into account by the use of a multicomponent 
model in which organic substrates are partitioned into several 
components according to their resistance to mineralization. Each 
component follows first-order kinetics but with a different relative 
decomposition coefficient [e.g., Jenkinson et al., 1992; Parton et 
al., 1987]. The principal problem with such models is that the 
quantities of the individual components cannot be determined 
directly by analytical fractionation procedures [Paustian et al., 
1992]. As a consequence, the components have to be reconstructed 
indirectly by fitting. An alternative approach is to define one pool 
of substrates but decrease its relative mineralization rate over time 
[Yang, 1996]. The 2nd approach needs fewer parameters to 
describe mineralization, Pmin (in mol C m -3 s -1) and is indepen- 
dent of whether the systems are aerobic or anaerobic. This 
approach was therefore used as default in this study and leads to 
the following [Yang, 1996]: 
Pmin: Cmin(1 - Smin)rdmln e-Kdm•n(tirne) (3) 
in which Cmi nis the soil organic arbon pool (mol C m -3) and 
gdm• n -- Rmin time -Sm'n ß (4) 
Rmi n (S Sm .... ) and Smin(-) are parameters that have to be 
determined experimentally. Temperature influence on mineraliza- 
tion rates is described using a Q•0 value, defined as the relative 
increase in reaction rates at a temperature increase of 10øC: 
T-Tre f 
Pminr: Pminrref Q10 'ø (5) 
The reference temperature (Tref) in this study is 30øC. For a rice 
soil the Rmin, Smi n and Q•0 are taken from soil incubation studies 
[van Bodegom and Stams, 1999] by minimizing MSE (Table 1). 
Measured and calculated mineralization rates at different tempera- 
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Figure 3. (a) Calibrated (based on equations (3)-(5)) (lines) and measured cumulative mineralization in an 
incubation study with rice paddy soil at 14øC (crosses), 20øC (filled squares), and 30øC (open triangles). (b) Validation 
of the calibrated mineralization model with independent data presented by Tsutsuki and Ponnamperuma [1987] 
(triangles) and Inubushi et aL [1997] (circles). 
tures are depicted in Figure 3a. The same empirical parameter 
values can describe anaerobic soil mineralization rates in rice 
paddy soils presented by Tsutsuki and Ponnamperuma [1987] and 
Inubushi et at. [1997] (Figure 3b). It is therefore concluded that 
this description may be applied to rice paddy soils in general. 
Organic fertilizers are sometimes added as extra substrates in 
rice paddies. The most common organic fertilizers are green 
manure and rice straw. Organic material from the previous crop, 
stubble and dead roots, is an additional source of organic material. 
The decomposition of such compounds, Pfe•t (in mol C m -3 s -1) is 
usually described as a first-order decomposition rate: 
---Kdt; rt (time-- t_added) Pfert -- Cfert Kdfc•t • • (6) 
in which Cfe•t (mol C m -3) is the organic fertilizer applied at time 
t_added (s) and Ka, fe•t (s -1) the relative decomposition rateis 
considered as a constant. Analysis of data on Ka, fe•t for rice straw 
[Acharya, 1935; Murthy et aL, 1991' Neue and Scharpenseet, 
1987; Saini, 1989; Singh et at., 1992; Watanabe, 1984; Watanabe 
et aL, 1998] shows, however, a clear relationship between 
incubation period and Ka, fe•t (Figure 4). The decomposability of 
organic material changes with time. To account for this 
change, the decomposition rate of organic fertilizers is described 
similarly to the soil mineralization rate with Rfe•t and Sfe•t instead 
of using (6): 
Pfert -- Cfert( 1 - Sfert)Kdfe•e-X"f• (time-t_added) 
and 
Kafe• -- Rfert time -sf• ß (7) 
Rfe•t and Sfe•t were determined for rice straw by minimizing the 
MSE for the data in Figure 4 (Table 1). Other organic fertilizers 
will have different values for Rfe•t and Sfe•t. Organic fertilizer 
decomposition rate is assumed to have a Q•o of 2. 
Root exudation is passive, and active release of carbon com- 
pounds from the rice roots into the soil. Root exudation changes 
during the season and is affected by environmental conditions. 
Mineral deficiencies [Ktudze and Detaune, 1995] and low radiation 
intensity [Butterbach-Baht, 1992] decrease root exudation, while 
root exudation increases under the influence of a low redox 
potential [Sass and Fisher, 1995] and drought stress [Turner, 
1986] and in the presence of organic fertilizers [Sass et at., 
1991b]. However, quantitative information on these influences is 
scarce and therefore cannot be incorporated in the model. Only 
information on a well-growing cultivar IR72 [H. K. Kludze, 
personal communication, 1998; Minoda and Kimura, 1994; Mino- 
da et at., 1996; Lu et aL, 1999] is available to construct a Gaussian 
curve, by minimizing MSE that describes the change in root 
exudation rate Pexu (mol C m -3 s -•) during the season (Figure 5): 
Pexu -- Bexu -[- Z/exu exp{-0.5[(time • - time•max)/O-] 2 } (8) 
in which Bexu is the baseline root exudation rate at transplanting 
and Aexu is the maximum increase in root exudation rate. This 
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Figure 4. Decomposition constants for the decomposition of rice 
straw calculated from literature after different incubation periods 
(crosses [Watanabe, 1981 ], pluses [Neue and Scharpenseet, 1987], 
open diamonds [Murthy et aL, 1991], open squares [Acharya, 
1935, filled triangles [Watanabe et at., 1998], filled circles [Singh 
et aL, 1992], open circle [Saini, 1989]). 
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Figure 5. Fitted and measured root exudation rates from an IR72 
rice cultivar at different moments during the growing season 
(crosses (H. K. Kludze, personal communication, 1998), open 
diamonds [Minoda et at., 1996], filled triangles [Minoda and 
Kimura, 1994], filled circles [Lu et at., 1999]). 
maximum is obtained if the time' = timemax t and the relative rate of 
change to and from the maximum is expressed by (y (Table 1). This 
curve can thus describe the decrease in root activity after anthesis 
but may apply only to IR72. A change in the size of the 
rhizosphere compartment also influences the total amount of root 
exudation i the soil as root exudation rate is expressed per m 3. 
Finally, organic substrates can be produced by rice root decay. 
This is mainly important at the end of the season, as can be seen 
from the change in the size of the rhizosphere compartment 
(Figure 2). As quantitative data are scarce, root mortality is 
determined from this curve as a first-order decay with kmor as an 
ex•.onent starting at imemort. R ot decomposition (in m l C m -3 
s- ), releasing carbon substrates, is also approached by a first- 
order decay: 
Proot: Kd .... (pool of dead roots). (9) 
rd .... t is the decomposition constant for roots (Table 1), estimated 
from Saini [1989] and is assumed to have a Q10 of 2. Changes in 
the pool of dead roots (in mol m -3) is equal to the difference 
between root mortality and root decomposition rates. 
2.3. Methane Production 
Some simplified models [e.g., Cao et at., 1995] relate methane 
production to the redox potential (Eh) to avoid a difficult 
mechanistic description of methane production. There are several 
reasons not to choose the easily measurable parameter Eh as a 
determining parameter in this model: (1) Eh is the resultant of all 
kinds of compounds, which makes it difficult to investigate 
specific effects, for example, the addition of inorganic fertilizers 
or dynamic water tables in rain fed systems. (2) Eh is a spatially 
averaged value, not taking into account gradients of electron 
acceptors or other heterogeneities. (3) Methanogens, methane- 
producing bacteria, are able to modify Eh to generate a favorable 
environment [Fetzer and Conrad, 1993]. (4) The critical Eh 
value for methane production varies considerably from +150 to 
-200 mV [Devai and Detaune, 1996; Masscheteyn et at., 1993; 
Mayer and Conrad, 1990, Peters and Conrad, 1995; Wang et at., 
1992, 1993] and seems to vary with the type of electron 
acceptors present in the soil. All these values are far below the 
threshold value of +420 mV given by Fetzer and Conrad [ 1993]. 
(5) Eh is hard to predict as Ratering and Conrad [1998] showed 
that concentration changes in iron(II) and especially in sulfate did 
not follow Eh changes. 
Therefore an approach is chosen in which the underlying 
parameters and processes itself are used: It is assumed that all 
available substrate is consumed directly either by methanogens or 
by other anaerobic bacteria using alternative electron acceptors (all 
conversion rates in mol m -3 s-l). No severe substrate accumula- 
tion occurs, which seems, based on experimental data [e.g., 
Achtnich et at., 1995a; Rothfuss and Conrad, 1993], reasonable 
in periods that methane production is predominant. 
Simulation time starts after flooding the soil and thus is oxygen 
absent in the bulk soil. Oxygen concentrations in the rhizosphere 
are low [Gitbert and Frenzet, 1995], and it is assumed that these 
concentrations are too low to inhibit methane production or to 
allow reoxidation of electron acceptors or aerobic respiration. It is 
assumed that all oxygen is consumed by methane oxidizers, which 
can operate at these low-oxygen concentrations because of their 
high affinity for oxygen [Frenzet et at., 1990]. NO3- is thus the 
first electron acceptor to be reduced: 
d[NO3] _dtime -- --b'NO3 • Px (10a) 
in which vNO3 is a stoichiometry factor for the carbon substrate 
needed to reduce NO 3- and •]Px = Pmin q- Pfert or •]Px = Pmin q- 
Pfert + Pexu +Proot for the bulk soil and rhizosphere, respectively. 
After NO3-, Fe(III) is reduced, 
d[Fe(III)] 
-- --lJFe •--•e x. (10b) dtime 
Methanogens and sulfate reducers are outcompeted by nitrate 
reducers [Achtnich et at., 1995b; Westermann and Ahring, 1987] 
and by iron reducers [Lovtey and Phitrips, 1986, 1987]. In 
addition, methane production is inhibited by accumulated NO and 
N20 [Ktiiber and Conrad, 1998]. Methane production and sulfate 
reduction therefore start after NO3- and Fe(III) disappearance. 
Sulfate reducers outcompete methanogens for H2/formate, but 
some competition is possible for acetate [.4chtnich et at., 1995b; 
Westermann and Ahring, 1987]. In addition, H2S can inhibit 
methanogenic activity at high concentrations. All these interac- 
tions are summarized by 
d[SO42-] - [SO42-] ZPj (10c) dtim• - -v 804 [SO42__]t:• 
d[CH4] [SO•-]t=0- [SO42-] 
dtime = VCH4 [SO4 2-]t:0 
x y•, Px - CH4_transport_rate. (11a) 
After all alternative electron acceptors have been reduced, all 
substrate is converted by methanogens: 
d[CH4] dtim-------•- = v CH4 Z Px - CH4_transport_rate. ( 11 b) 
The CH4_transport rate is treated in section 2.4. Equations (10a- 
c) and (1 l a,b) are independent of the mechanism involved in the 
inhibition of methane production, whether it is by specific 
inhibition, by competition, or by a methanogenic biomass 
limitation at the start of the season. The model does not 
specifically incorporate pH effects, as soil pH changes are highly 
correlated to Eh changes [Tsutsuki and Ponnamperuma, 1987]. 
After alternative electron acceptor depletion, soils have a pH of 
around 7 [Tsutsuki and Ponnamperuma, 1987], at which 
methanogenesis is around its optimum value [Minami, 1989; 
Wang et at., 1993]. Inhibiting effects by salinity are not treated 
either, as such effects happen under extreme conditions only 
[Denlet van der Gon and Neue, 1995b]. 
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Figure 6. Model validation. Comparison of measured (pluses) and modeled (lines) methane missions at different 
locations, with different seasons and treatments for (a) MA 94 control, (b) MA 96 control, (c) MA 96 with straw, (d) 
LB 97 with straw, (e) LB 97 control, (f) LB 97 with (NH4)2804, (g) BG 97 control, (h) BG 97 with straw, and (i) JK 
96 control. Note the different scales at the y axes. (j) Comparison of modeled seasonal methane emissions and 
measured seasonal methane emissions. 
Under aerobic conditions, methane production stops and re- 
duced electron acceptors (½-aCCred) are reoxidized. Reoxidation 
rates (reoxi_rate) (in mol m -3 s -1) of ferrous iron, sulphide, and 
FeS are described by first-order kinetics: 
reoxi_rate = kreox[½-aCCred] (12) 
in which kreox isthe relative reoxidation constant of1.27 10 -4 s-• 
5.6 10 -6 s -1, and 7.6 10 -7 s -• for ferrous iron, sulphide, and FeS', 
respectively [van Bodegom et al., 2000]. Other reoxidation 
processes are not treated for reasons given elsewhere [van 
Bodegom et aL, 2000]. 
2.4. Methane Transport 
In the model, produced methane is transported to an anaerobic/ 
aerobic interface; the root surface in the rhizosphere compartment 
or the soil-water interface in the bulk soil compartment. Different 
transport mechanisms of gases in rice paddies, plant-mediated 
transport, diffusion through the soil, and ebullition, to these 
interfaces are lumped into a transport ime coefficient, % which 
is the average period (in seconds) between production and the 
moment of reaching the interface: 
CH4_transport_rate - [CH4•] (13) 
7- 
in which [CH4] is the methane concentration (in mol m -3) in a 
compartment. Transport ime coefficients depend on path length 
and diffusion coefficient, which are assumed to be constant 
under flooded conditions. The q- values differ for each 
compartment. Equation (13) implies that methane produced in 
one compartment cannot leave the system through another 
compartment. In reality, some methane produced in the bulk soil 
may, however, leave the system through the plant if the roots 
capture gas bubbles formed in the bulk soil. Diffusion 
calculations taking into account transport resistances indicate 
that methane transport from bulk soil to rhizosphere will be 
small (data not shown). Even if such exchange occurs, it will 
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automatically be taken into account as experimental data are 
used to estimate this time coefficient. The opposite will not 
occur because transport hrough the plant is faster than transport 
through the soil. 
In the rhizosphere compartment, ransport will mainly take place 
via plant-mediated transport. The time coefficient for plant- 
mediated transport was found to be smaller than 3 hours after 
the introduction of a temperature change [Sass et al., 1991a] and 
2-3 hours after an introduction of a change in light conditions 
[Byrnes et al., 1995], respectively. The Trhizospher e is thus set at 2.5 
hours in the model (Table 1). 
There are no data available from which the time coefficient of 
transport by ebullition or diffusion through the bulk soil can be 
calculated directly. However, Watanabe and Kimura [1995] and 
Kimura and Minami [1995] calculated, using the same data set, 
that the maximum period between methane production and emis- 
sion was 11 - 14 days at the start of the growing season. At the start 
of the season, transport hrough the soil dominates the methane 
transport completely [Sch•itz et al., 1989b; Wassmann et al., 1996]. 
In the model, it is therefore assumed that q-bulk is 12.5 days (Table 
1). From the large difference in time coefficients of the two 
compartments and the seasonal change in contribution of the 
compartments (equation (2)), the seasonal trends in conductance 
[Hosono and Nouchi, 1997] and in turnover times [Watanabe and 
Kimura, 1995; Kimura and Minami, 1995] can be calculated and 
understood. 
In an aerobic period, at drainage, Tbulk decreases as more pores 
for transport become available, releasing entrapped methane to the 
atmosphere. This results in a fast release of methane at the start of 
drainage that tails off afterward. This change in q-bulk during the 
release can be described by an empirical beta function: 
(v-]).•(v-•)/ 
release_time i7• ;;--•7 (14) 
rbu•k Ar_timeV- • ( 1 -- At_time) w- •
in which release_time is the period of methane release (7 days). 
Here v (5) and w (8) determine the curve shape and are estimated 
from Denier van der Gonet al. [1996]. The r_time is time/ 
release_time, between 0 and 1. 
2.5. Methane Oxidation 
At aerobic/anaerobic interfaces, part of the methane is oxi- 
dized to CO2 by methanotrophic bacteria in the presence of 
oxygen. Anaerobic methane oxidation is neglected for reasons 
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given by van Bodegom et al. [2000]. Methane oxidation can be 
measured by a mass balance approach, comparing potential 
methane production in the absence of oxygen with the actual 
plant-mediated methane emission [e.g., Holzapfel-Pschorn et al., 
1985; Sass et al., 1992]. This method overestimates methane 
oxidation as methanogenic activity is enhanced in such anaero- 
bic incubations. Estimates with this method are much higher 
than those obtained by in situ experiments with 100% N2, while 
these experiments produce an upper boundary for methane 
oxidation estimates [Denier van der Gon and Neue, 1996]. 
The second commonly used method is to measure methane 
oxidation in presence of specific inhibitors of methanotrophic 
activity. The problems with this method are that various 
inhibitors also partly inhibit methane production [Frenzel and 
Bosse, 1996; Oremland and Culbertson, 1992; Oremland and 
Taylor, 1975] and that the higher oxygen concentrations in the 
soil can also reduce methane production in various ways. These 
interfering effects seem to be limited in short-term incubations 
[King, 1996], and estimates obtained by this method are not 
higher than those obtained by in situ experiments with 100% 
N2. Therefore specific inhibitor experiments are used to estimate 
methane oxidation. 
Methane oxidation is limited by oxygen availability. Oxygen is 
released into the rhizosphere through ROL, which changes during 
the season [Kludze et al., 1994; Satpathy et al., 1997; Wang et al., 
1997] as a function of root activity. Seasonal changes in root 
exudation rates also depend on root activity. Therefore a similar 
Gaussian curve as for root exudation (equation (8)) is chosen for 
methane oxidation in the rhizosphere, adjusting parameter B and A 
(Table 1) such that the seasonal average oxidation in the rhizo- 
sphere equals to the average found by use of specific inhibitors, 
which is 32 + 8% of the produced methane [Banker et al., 1995; 
Bosse and Frenzel, 1997, 1998; Denier van der Gon and Neue, 
1996; Epp and Chanton, 1995; Gilbert and Frenzel, 1995; Sigren 
et al., 1997; Tyler et al., 1997]. As this curve depends on root 
activity, which may be cultivar dependent, it may only be appro- 
priate for IR72. 
Oxygen diffuses into the bulk soil at the soil-water interface. At 
this interface, where methane and oxygen gradients meet, methane 
oxidation rates are high and fairly constant at 70-95% of the 
locally produced methane [Banker et al., 1995; Butterbach-Bahl et 
al., 1997; Conrad and Rothfuss, 1991; Epp and Chanton, 1995; 
Gilbert and Frenzel, 1995; Schlitz et al., 1989b]. However, only 
10-20% of the methane emission from the bulk soil passes this 
soil-water interface by diffusion [Rothfuss and Conrad, 1993; 
Schlitz et al., 1989b]. The remaining emission from the bulk soil 
is transported by ebullition. Gas bubbles for ebullition are formed 
in anaerobic soil and hardly comes into contact with oxygen 
during transport o the atmosphere and will thus not be oxidized. 
Therefore only diffusive flux through the soil can lead to methane 
oxidation. The average fraction that is oxidized in the bulk soil can 
be calculated from these arguments at 37 + 19% of the produced 
methane, on the basis of the data above. This fraction is not 
significantly different from the oxidation of 28 + 11% of produced 
methane transported by ebullition and sediment diffusion, calcu- 
lated by Tyler et al. [1997]. 
Table 2. Site Specific Input Parameters 
Maligaya Los Barios Beijing 
Soil carbon content, % 1.21 1.86 
Dithionite extractable iron, % 1.15 2.27 
Daily temperature, øC 23.5- 31.8 22.8- 28.3 
Rice cultivar IR72 IR72 
Yield, tons ha- • 5.1 - 5.3 3.5- 5.4 
Water management continuously continuously 
flooded flooded 
Growing season length, days 120-121 121 
Fertilizer management urea, KC1, solophos urea 
Jakenan 
0.99 0.48 
0.56 0.18 
8.2-29.1 25.3-30.3 
IR72 IR72 
6.9 7.4 
midseason continuously 
drainage flooded 
149 103 
urea urea 
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Figure 7. Sensitivity analysis of the model with (thin lines) and without (thick lines) the distinction of an explicit 
rhizosphere for (a) MA 96 control, (c) LB 97 control, and (e) LB 97 with straw. The modeled ebullition (thick lines) 
and modeled total methane mission (thin lines) are compared to data for total emission (pluses) and ebullition 
(triangles) for (b) MA 96 control, (d) LB 97 control, and (f) LB 97 with straw. 
The remaining methane from each compartment is directly 
released from the interface into the atmosphere, thus assuming no 
transport limitation inside the plant or in the water layer on top 
of the soil. Methane emission is calculated as the sum of the 
methane released from the rhizosphere and the bulk soil. The 
model was written in Fortran Simulation Translator (FST) 
[Rappoldt and van Kraalingen, 1996] and is available upon 
request. 
3. Model Validation 
For model validation, model performance was compared to 
field data on daily methane emissions collected at various sites: 
Maligaya (MA) of the Philippine Rice Research Institute, Los 
Barios (LB) of the International Rice Research Institute in the 
Philippines, Beijing (BG) of the Institute of Crop Breeding and 
Cultivation in China, and Jakenan (JK) of the Central Research 
Institute for Food Crops in Indonesia (Figure 6). Diurnal patterns 
in methane emissions cannot be predicted by the model, given its 
objectives and simplified nature. At all sites, methane emissions 
were measured with an automatic closed chamber technique 
described in detail by Wassmann et al. [1994]. Site-specific 
experimental conditions are described elsewhere [Metra-Corton 
et al., 1995, 2000; Buendia et al., 2000; Setyanto et al., 2000; 
Wang et al., 2000]. 
All process parameters were kept at the constant values pre- 
sented in Table 1 for all model runs. These values were not derived 
from the experimental data used for validation. These experimental 
sites represent therefore a truly independent validation of the 
model. All site-specific input parameters are shown in Table 2. 
Soil organic carbon and dithionite extractable iron can be found in 
soil maps. Daily temperature was measured at the site but can in 
general be found in weather inventories. The rice cultivar was in 
all cases IR72 because this is the only variety for which root 
activity data are known. Fertilization, water management, and 
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Figure 7. (continued) 
length of the growing season were obtained from the site but can 
in general be found in agricultural databases. All sites were 
drained at the end of the season. All site-specific parameters can 
thus be obtained from generally available databases, facilitating 
extrapolation of this process-based model for use in regional and 
global studies. All other parameters were always kept at their 
default values presented in Table 1. 
The model was validated under various conditions. Two 
seasons for Maligaya, wet season 1994 (MA94) data and wet 
season 1996 (MA96) data, were used in the validation set to test 
the representation of interseasonal variations in methane emis- 
sions by the model (Figure 6a and 6b). The model predicted 
well the different methane emissions in both seasons, which 
occurred mainly under influence of different temperatures. The 
effects of organic fertilization, in this case rice straw, was tested 
at various sites, at Maligaya (compare Figure 6b and 6c), Los 
Barios (compare Figure 6d and 6e), and at Beijing (compare 
Figure 6g and 6h). The addition of straw, and thus of extra 
carbon substrate, causes a tremendous increase in methane 
emissions especially during the 1st half of the season. The 
model could predict well both the magnitude and the timing of 
methane emission increase. The total increase is slightly under- 
estimated at Los Barios and slightly overestimated at Beijing, 
but the differences with measured methane emissions are not 
significant (at P < 0.05). The performance of the model with a 
different inorganic fertilizer than urea, CO(NH2)2, was tested by 
including a treatment with (NH4)2SO4. Sulfate additions reduce 
methane production as described by (10a-c) and lead to a 
reduction in both measured and modeled methane emissions 
(compare Figure 6e and 6f). The inhibiting effects of sulfate 
were slightly underestimated by the model, which is probably 
due to the neglect of the recycling of sulfurous compounds 
within the rice paddy. 
In the validation set, four sites in different countries differing 
tremendously in soil characteristics but with the same management 
and rice cultivar were compared (Figure 6b, 6e, 6g, and 6i). Both 
the absolute amounts and the patterns in the highly different 
methane emissions at the various sites could be well predicted 
by the model. Only the methane emissions predicted for BG97 
were significantly higher (at P < 0.05) than the measured methane 
emissions, but BG97 control was a very low emitter and this 
overestimation will thus hardly influence model estimates if the 
model is extrapolated to regional scales. 
In all situations, except for BG97 control, the seasonal patterns 
in methane emission during the rice growth season were well 
described by the model and not significantly different from 
measured values (at P < 0.05). The various underestimations and 
overestimations by the model had no significant pattern across 
sites or treatments (at P < 0.05) and are probably caused by 
heterogeneities or site-specific haracteristics not captured by the 
model, given the fact that all process parameters were kept 
constant during all validations. Modeled seasonal methane emis- 
sions did not differ significantly (at P < 0.05) from measured 
seasonal methane emissions (Figure 6j) and had a coefficient of 
variation of only 8% with the measured emission and a Pearson 
correlation coefficient of 0.95, while emissions varied up to 2 
orders of magnitude. 
4. Sensitivity Analysis on Model Assumptions 
During the development of a process-based model some 
assumptions have been made on process descriptions. In this 
section we evaluate the influence of different model assumptions 
mentioned in section 2. The most important assumption of the 
described model is that the importance of rice plants on methane 
emissions is large enough to justify a distinction between a 
Figure 8. Sensitivity analysis of the model on soil organic matter mineralization formulations. (a) Calibration of Parton et al. [1987] 
mineralization model (dashes) and two-compartment mineralization model (lines) with measured cumulative mineralization in an 
incubation study with rice paddy soil at 14øC (crosses), 20øC (filled squares), and 30øC (open triangles). (b) Validation of the 
mineralization models based on Parton et al. [1987] (closed symbols) and the two-compartment model (open symbols) with 
independent data presented by Tsutsuki and Ponnamperuma [1987] (triangles) and Inubushi et al. [1997] (circles). Influence of use of 
the mineralization model based on Parton et al. [1987] (thick lines) and the two-compartment mineralization model (dashes) compared 
to the default model (thin lines) and measured ata (pluses) for (c) MA 96 with straw, (d) LB 97 with (NH4)2804, and (e) JK 96 
control. 
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rhizosphere and a bulk soil compartment. This assumption was 
tested by reformulating the model with one compartment with a 
uniform distribution of carbon substrates, while keeping the total 
carbon release equal to the default model. Transport was spatially '•' 
averaged by applying an average q- to (13). An average methane m 2000 
oxidation fraction was derived from the oxidation fraction of 
both compartments. The results are presented in Figure 7a, 7c, 
and 7e. Seasonal methane missions increase 20-52% if one •.• 1500 
compartment is used, while total carbon substrate release was 
taken the same in both models. Methane emissions increase 
especially in the middle of the season, when methane oxidation --• 1000 
in the rhizosphere is the largest. This influence by ROL 
dynamics is taken away in the one-compartment model, leading 
to poorer methane mission predictions. • 500 
Indirect support for the distinction between a rhizosphere and 
a bulk soil was obtained by showing the contribution of the bulk E 
soil and of the rhizosphere to the overall methane emission. The 0 
independent estimate of ebullition, taken as the emission from 
the bulk soil, can be used to validate the concepts of the model 
by comparison with measured ebullition data. Results of the 
model are shown in Figure 7b, 7d, and 7f for the same 
experiments as presented in Figure 7a, 7c, and 7e. Both modeled 
and measured ebullition have their highest contribution at the 
start and end of the season, when plant influence is small. 
Modeled ebullition contributed 15-22% to the total methane 
emission at treatments with inorganic fertilizer additions, with 
two examples in Figure 7b and 7d, which is a reasonable value 
if no extra organic fertilizers are added [Byrnes et al., 1995; 
Nouchi et al., 1994; Schlitz et al., 1989b]. With the addition of 
extra rice straw, ebullition contributed 32-53% to the total 
methane emission and was 39% in MA96 (Figure 7f). These 
estimates are also comparable to sites to which organic fertilizer 
was added [Denier van der Gon and Neue, 1995a; Wassmann et 
al., 1996]. Moreover, the overall conductance, which can be 
calculated from the compartment contributions and their respec- 
tive transport time coefficients, shows the same trends and has 
the same order of magnitude as the conductance presented by 
Hosono and Nouchi [1997]. Unfortunately, an exact comparison 
is not possible, as Hosono and Nouchi [1997] did not present 
the number of shoots at each sampling. These results show that 
the model can predict methane transport characteristics and that 
the division into two compartments yields a reasonable methane 
transport description. 
One of the most sensitive factors influencing methane emissions 
from rice paddies i the production f carbon substrates [van 
Bodegom et al., 2000]. If no extra straw is added, the contribution 
of soil organic matter mineralization t  total carbon substrate 
release varies from 45% at the low soil carbon site Jakenan to 
68% at the high-carbon site Los Barios. The remainder iseither 
directly, via root exudation and root decomposition, or indirectly, 
via rice straw, derived from plants. Given the importance of soil 
mineralization, it is unfortunate that no mineralization model has .m_ 
been developed specifically for anaerobic conditions. I  this tudy, I:: 
the general model described by Yang [1996] was used as default as 
the description is independent of aerobic or anaerobic conditions 
and because it uses the least number of parameters. Two other 
mineralization models were used to test the effect of soil miner- I:: 
alization description on methane emission predictions, (1) a two- 
pools model and (2) the CENTURY model [Parton et al., 1987], 
which was applied by Cao et al. [1995]. 
The two-pools model assumes that soil organic carbon consists 
of two pools, each with a constant relative decomposition rate. The 
two pools do not interact, and the sum of the pools is equal to the 
total soil organic carbon content. With this two-pools model, (3) 
and (4) simplify to 
Pmin -- Cmin/•--' v'• •,-Kfasttime -Ks]owtime •,F fast_r fastt: --[- (1 -- Ffast)gslowe ) (15) 
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Figure 9. Sensitivity of the model on the description of rice straw 
decomposition. A description with a constant relative decomposi- 
tion rate for rice straw (thick lines) is compared to the default 
model (thin lines) and measured data (pluses) for (a) MA 96 with 
straw, (b) LB 97 with straw, and (c) BG 97 with straw. 
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in which Ffast (--) is the fraction of the organic matter pool that is 
assigned to the fast pool and Kfast and Kslow are decomposition 
constants (  -]) of the fast pool and the slow pool, respectively. 
These three parameters were all fitted (Figure 88) to experimental 
data from soil incubation studies [van Bodegom and Stams, 1999]: 
Ffast = 0.022 (-), rfast: 1.21 x 10 -s (s-I), and Kslow = 1.25 x 
10 -8 (s-I). 
The CENTURY model was developed for aerobic soils. Para- 
meter values of this model can thus not be used directly for 
anaerobic conditions. To avoid too many fitted parameters, pool 
distribution ratios were used from the CENTURY model. The 
distribution of plant residue between metabolic and structural 
carbon pools was estimated from the ratio lignin/nitrogen [Parton 
et at., 1987, Equation (2)] using data for rice plant characteristics 
presented by Saini [1989]. While maintaining the same ratio in 
litter decomposition constants, the plant decomposition constants 
were estimated from data on rice straw decomposition, men- 
tioned above. Conversion ratios of decomposing organic matter 
to CO2 and decomposition constants for the soil carbon pools 
corrected for texture, which is known to influence methane 
emissions but which is not part of the Yang [1996] model, were 
obtained from Parton et at. [1987]. Only one decomposition 
constant (Kd, passive pool) remained to be fitted. Fluctuating moisture 
effects are absent in a continuously flooded rice paddy soil. 
Temperature effects were described by a calibrated Q]o value to 
allow comparison with the default model. Finally, the three initial 
soil carbon pool sizes had to be calibrated, with the constraint that 
their sum is equal to the total organic carbon amount. This leaves 
two pool fractions to be calibrated: Fpassiv e pool and Fslow pool. 
All four parameters were optimized simultaneously against ex- 
perimental soil incubation data [van Bodegom and Stams, 1999] 
for the smallest mean square error and the smallest change in 
pool size fractions during the season (Figure 88). This led to 
rd, passive pool: 0.7 10 -9 (s-l), Qlo: 2.71, Fpassiv e pool-- 0.738 
(-), and Fslow pool: 0.122 (-). 
Both models could reasonably describe anaerobic soil miner- 
alization rates in rice paddy soils presented by Tsutsuki and 
Ponnamperuma [1987] and Inubushi et at. [1997], although the 
two-pools model overestimated mineralization rates at high 
fertilization (Figure 8b). With the two-pools model, methane 
emissions were 14-102% higher than for the default model 
(examples given in Figure 8c, 8d, and 8e). The overestimation 
mainly occurs in the 2nd half of the season when predicted 
mineralization rates began to deviate from measured mineraliza- 
tion rates (Figure 88). The modified CENTURY model is also 
less applicable than the default model, even though it was 
calibrated for anaerobic conditions. The deviations are hard to 
explain and may be coincidental or due to the fact that CEN- 
TURY was developed for long-term predictions in aerobic 
systems. In absence of organic fertilizers the CENTURY model 
led to 13-270% higher methane emissions than for the default 
model (examples given in Figure 8d and 8e). With organic 
fertilizers, the CENTURY model performed similarly well as 
the default model (example given in Figure 8c) but still produced 
18-28% higher emission estimates. Anaerobic mineralization 
modeling deserves more attention. 
Rice straw becomes an important source of carbon substrate if
it is added as organic fertilizer, 50-62% of the total carbon 
release according to the model. In the model, it was assumed that 
Figure 10. Sensitivity of the model on the description ofmethane 
oxidation. A description with a constant percentage of produced 
methane that is oxidized (thick lines) is compared to the default 
model (thin lines) and measured ata (pluses) for (a) MA 94 
control, (b) MA 96 control, and (c) BG 97 control. 
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organic fertilizers decompose according to (7). Normally, how- 
ever, a constant relative decomposition rate, (6), for organic 
fertilizers is assumed. As a sensitivity analysis, the model was 
run with a constant relative decomposition rate for organic 
fertilizers based on literature data, mentioned above, with incuba- 
tion periods _< 120 days. This change in the model hardly 
affected the outcome if no organic fertilizers are added (results 
not shown). With the addition of organic fertilizers (Figure 9), the 
effects were larger and led to 9-17% higher emissions. Especially 
during the 2nd half of the season, methane emissions were 
overestimated by the model with a constant relative decomposi- 
tion rate. This can be explained by the fact that at that point in the 
season easily accessible carbon has been depleted, leading to 
decreased ecomposition rates and thus to overestimations when a 
constant relative decomposition rate is used. 
In various models [James, 1993; Grant, 1998; Segers and 
Kengert, 1998], competition between methane-producing bacteria 
and other anaerobic bacteria is described by Michaelis-Menten 
kinetics. In this model, the competition was simplified to (10a-c). 
Inclusion of Michaelis-Menten kinetics would only affect the 
competition with sulfate reducers, as nitrate and ferric iron 
reducers outcompete methanogens under all conditions. Sulfate 
reduction is only of minor importance for the seasonal electron 
balance [van Bodegom and Stams, 1999; Inubushi et at., 1984], 
and methane emissions are hardly affected even in an extreme 
scenario of outcompetition of methanogens by sulfate reducers 
[van Bodegom et at., 2000]. The simplification of (10a-c) is thus 
reasonable. 
A more important assumption, as was already indicated in 
section 3, is that there is no reoxidation of electron acceptors in 
a flooded rhizosphere. This implicitly means that only metha- 
notrophs and heterotrophic respiration consume the oxygen 
available in the rhizosphere. Unfortunately, our model cannot 
test this important assumption as the model does not distin- 
guish gradients and because it is not possible to determine 
oxygen limited conversion rates with this model. The model of 
Segers and Leffetaar [2001], however, takes into account 
diffusion and oxygen limitations. According to that model, 
reoxidation of electron acceptors is not important under oxygen 
limited circumstances. The assumption seems thus reasonable, 
although quantitative verification is not possible with the 
present model. 
The final assumption in the model is that methane oxidation is 
linearly related to root activity, (8). This assumption was neces- 
sary due to a lack of quantitative data on changes in methane 
oxidation or ROL during the season. Only an average methane 
oxidation percentage could be calculated from the data. If the 
model is run with this average instead of an activity curve, the 
trends in methane emission are strongly influenced (Figure 10) 
and lead to major overestimations of methane emissions in the 
middle of the season, when root activity is highest. Seasonal 
methane emissions were 8-57% higher than for the default 
model. It is thus necessary to take into account the seasonal 
changes in methane oxidation, as is done in the default model. 
Root exudation and ROL are not only temporally dynamic but 
moreover depend on the rice cultivar. Unfortunately, there are no 
quantitative cultivar specific data, which limits the validation 
possibilities of the model for non-IR cultivars. More data are 
needed on these root activity characteristics. 
a well-balanced model, even though in some cases more me- 
chanistic knowledge is available. The model was validated, 
without fitting, with data from independent field experiments at 
various sites in Asia. With only a few site-specific input para- 
meters (Table 2), the seasonal dynamics in methane emissions 
could be well described. Total seasonal methane emission was 
not significantly different from measured seasonal emissions (at 
P < 0.05), while the different conditions had led to seasonal 
emissions differing over 2 orders of magnitude. 
The sensitivity analysis also showed that the model assump- 
tions were reasonable. The most important assumption was the 
model simplification to distinguish two compartments, a rhizo- 
sphere and a bulk soil compartment. The model performed 
worse without such a division, showing the importance of 
heterogeneities introduced by the plant, while, of the models 
referred to, only Arah and Stephen [1998] and Watter et at. 
[1996] describe this heterogeneity, using a more physical 
approach. None of the models, however, include other hetero- 
geneities. This omission probably had a major influence, in 
combination with site-specific variabilities, on the deviations 
between model and experiment. The sensitivity analysis also 
showed the importance of a proper quantitative description on 
anaerobic organic matter decomposition processes. Modeling 
these processes thus deserves more attention to improve future 
models also because the empirical models mentioned in the 
introduction do not account for this soil process. Another 
important aspect of the model is the competition for substrate 
by alternative electron acceptors, which is, of the models 
referred to, only included in the model of James [1993]. 
Neglect of this competition severely overestimates methane 
emissions at the start of the season especially in soils high in 
alternative electron acceptors, like Los Barios, for which this 
competition is important. A description of Eh independent of 
soil type will thus not suffice. In the model, it was assumed and 
argued that reoxidation of electron acceptors is not important, 
but it deserves more attention especially for soils high in 
alternative electron acceptors and for rain-fed systems. The 
sensitivity analysis also showed that it is important to account 
for seasonal changes in methane oxidation, indicating that there 
is a need to understand this process. In the models of Huang et 
at. [1998] and Cao et at. [1995], a different oxidation dynamics 
was used, leading to an underestimation of methane emissions 
at the end of the season (results not shown). 
From the model validation and sensitivity analysis we con- 
clude that the assumptions made in this model are reasonable 
because methane emissions are well predicted. The model can 
be used for larger-scale applications for flooded rice paddies 
because it makes use of general process relations and because 
it needs few site- specific parameters. The site-specific para- 
meters can be obtained from general databases, facilitating 
application of the model. Caution is needed when the model 
is applied to rice cultivars for which the model was not 
parameterized. 
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5. Concluding Remarks 
In this paper, a model for methane emission predictions from 
rice paddies at the field scale level is described. Because of a 
lack of mechanistic knowledge, not all processes could be 
described fully mechanistically. Therefore the descriptions of 
most important system properties were kept simple to achieve 
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